The mouse Polycomb-group gene, embryonic ectoderm development (eed), appears to regulate cellular growth and dierentiation in a developmental and tissue speci®c manner. During embryogenesis, eed regulates axial patterning, whereas in the adult eed represses proliferation of myeloid and B cell precursors. The present report demonstrates two novel functional activities of eed: alteration of thymocyte maturation and suppression of thymic lymphoma development. Mice that inherit the viable hypomorphic 17Rn5 
Introduction
Members of the Polycomb-group (PcG) gene family play a fundamental role in maintaining heritable repression of homeotic and other developmental genes. Initial studies in Drosophila showed that loss-offunction mutations in various PcG genes result in aberrant homeotic gene expression patterns that cause segmental transformation along the anterior ± posterior axis of the embryo (reviewed in Sinon et al., 1995) . The Drosophila extra sex combs (esc) gene encodes a unique PcG protein that contains multiple WD repeats and is required during early development to recruit other PcG proteins into a repressive chromatin binding complex (Gutjahr et al., 1995; Sathe and Harte, 1995; Simon et al., 1995; Struhl and Brower, 1982) . The murine homolog of esc was recently cloned and identi®ed as the classical gastrulation locus, eed (for embryonic ectoderm development) (Schumacher et al., 1996) . The Eed protein sequence is 55% identical and 74% similar to ESC. Based on protein sequence analysis, Eed and ESC may contain up to seven WD motifs which are likely to represent domains of protein ± protein interaction (Denisenko and Bomsztyk, 1997; Ng et al., 1997; Schumacher et al., 1996; Sewalt et al., 1998) .
Similar to its counterpart in Drosophila, mammalian Eed is an essential component of a multimeric PcG protein complex that mediates transcriptional repression during development. Eed is required for proper murine anterior ± posterior patterning of the primitive streak and exerts its function early in gastrulation, prior to Hox gene expression (Faust et al., 1995; Schumacher et al., 1996) . The 17Rn5 3354SB eed allele contains a point mutation in the second WD motif that renders the protein functionally inactive. Homozygous inheritance of the null allele results in embryonic death by E8.5 due to aberrant morphogenetic movement during gastrulation (Faust et al., 1998) . This phenotype is more severe than that conferred by a loss of other members of the PcG gene family which is consistent with a pivotal role for Eed in generating a functional PcG protein complex. The 17Rn5 1989SB eed allele conveys a hypomorphic phenotype in that homozygous mice are viable, yet develop highly penetrant posterior transformations of the axial skeleton (Schumacher et al., 1996) .
It is becoming increasingly apparent that developmental genes which regulate spatial patterning during embryogenesis may perform distinct functions in the adult animal. In keeping with this concept, eed not only regulates anterior ± posterior patterning during embryogenesis, but also inhibits the proliferation of myeloid and B cell precursors in adult bone marrow (Lessard et al., 1999) . The present investigation reveals that the speci®c function exerted by Eed depends not only on developmental status, but also on cellular context. Analysis of mice that inherit a hypomorphic eed allele demonstrate that in contrast to the negative regulation which Eed exerts on myeloid and B precursors, Eed promotes the dierentiation of early intrathymic T-cell precursors. Moreover, Eed suppresses the development of thymic lymphomas induced by the carcinogen, N-methyl-N-nitrosourea (MNU).
Results
In order to determine if eed aects T-cell development, thymocytes and splenocytes were obtained from homozygous 17Rn5
1989SB (hereafter referred to as eed 1989/1989 ) and wild-type (eed +/+ ) littermates for analysis of cellularity and dierentiation antigen expression. Intrathymic T-cell development progresses along a developmental pathway characterized by dierential expression of CD4 and CD8 coreceptor molecules (reviewed in Fehling and Von Boehmer, 1997; Rodewald and Fehling, 1998 Figure 1b , the distribution of thymocyte subsets de®ned by CD4 and CD8 expression was comparable in the mutant and wild-type littermates. There was no dierence in the cellularity or distribution of CD4 + CD8 7 or CD4 7 CD8 + splenic T-cells in mutant and wild-type mice (data not shown).
A major expansion phase in T-cell development occurs during the transition from the CD4 7 CD8 7 to CD4 + CD8 + stage when thymocytes undergo several rounds of proliferation. Since homozygous inheritance of the eed 1989 hypomorphic allele resulted in reduced cellularity in each of the major immature and mature thymocyte subsets, we considered that the mutant allele might interfere with this developmental transition. To investigate this issue, we analysed the CD4 7 CD8 7 compartment in greater detail. As illustrated in Figure  2a , the CD4 7 CD8 7 subset can be further subdivided based on the ordered surface expression of CD44 and CD25 surface molecules (Godfrey et al., 1993 (Godfrey et al., , 1994 Rodewald and Fehling, 1998 Figure 2c , the altered developmental program results in a signi®cant reduction in the absolute number of CD44 7 CD25 7 thymocytes in mutant versus wild-type thymi. These data suggest that the decreased cellularity in eed 1989/1989 thymi is the consequence of an incomplete block in dierentiation beyond the CD44 7
CD25
+ stage. Thymocytes that bypass this early block maintain an apparently normal program of developmental progression.
Recent studies have shown that defective hematopoietic dierentiation is often coupled with a tendency to develop hematopoietic malignancies (Bain et al., 1997; Kung et al., 2000; Winandy et al., 1995) . There was no evidence for an increased incidence of spontaneous T-cell lymphoma development in heterozygous or homozygous eed 1989 mice up to 6 months of age. However, we considered the possibility that eed may play a role in controlling the development of thymic lymphomas initiated by an exogenous agent. MNU is a potent chemical carcinogen that causes a high frequency of thymic lymphomas in various inbred mouse strains (Angel et al., 1989; Frei, 1980) . MNU-induced lymphomas arise after a prolonged latency period and are generally of monoclonal origin (Frei, 1980; Gomez et al., 2000; Romach et al., 1994) . To determine if one or two copies of the viable hypomorphic 17Rn5 1989SB eed allele aects tumor incidence and/or latency, eed +/+ , eed 1989/+ , and eed 1989/1989 mice were given a single injection (75 mg/ kg) of MNU and monitored for evidence of lymphoma development (Angel et al., 1989; Frei, 1980) . Spontaneous lymphomas did not occur in control mice that were not injected with the carcinogen (data not shown). Figure 3 shows that the eed 1989/1989 homozygotes developed a high incidence (80%) of MNU-induced thymic lymphoma within 5 months. In contrast, eed +/+ mice are quite Histological analysis of hematoxylin and eosin stained sections con®rmed the diagnosis of lymphoblastic lymphoma in the tumors recovered from mutant and wild-type mice (data not shown). Flow cytometric analysis showed that MNU-induced lymphomas in eed mutant mice express phenotypes corresponding to immature cortical thymocytes. Figure 4a provides a representative example of one lymphoma that expressed high levels of CD4 and CD8 and another lymphoma that expressed high levels of CD8 with variable levels of CD4. These dierentiation antigen pro®les are consistent with those reported for MNU-induced lymphomas from wild-type mice of various inbred strains (Gomez et al., 2000; Newcomb et al., 1988) . No B or myeloid tumors were induced by the carcinogen treatment.
Since each developing T-cell clone contains unique rearrangements at the TCRb locus, clonality in these lymphomas was assessed by the pattern of TCRb gene rearrangements in Southern blot analysis. Figure  4b shows that the lymphomas induced in eed mutant mice were generally monoclonal as shown by the restricted pattern of TCR Jb2 gene rearrangements, although as illustrated in lane 5, oligoclonal lymphomas were occasionally observed. The ®nding that the majority of lymphomas were monoclonal as opposed to polyclonal indicates that a mutation in eed is not sucient for neoplastic transformation.
Rather, it appears that, as in most types of neoplasia, the MNU-induced lymphomas in eed mutant mice arise as a result of multiple genetic lesions that collaborate to generate a malignant clone. MNU is a highly cytotoxic agent that causes severe cellular depletion in bone marrow and thymus within a few days after injection (Frei and Maitra, 1974; Stettner et al., 1991) . Thymocyte numbers are subsequently restored over an approximately 6 week period as surviving T-cell progenitors reconstitute the depleted thymic micro-environment. To investigate whether the partial block in T-cell development observed in untreated eed 1989/1989 mice also occurred during thymic regeneration after MNU treatment, we analysed the distribution of CD4 7 CD8 7 subsets de®ned by CD44 and CD25 expression at 4 weeks after MNU injection. There was considerable variability in thymocyte recovery among individual mice during the regeneration phase and we did not observe an obvious dierence in cellularity between eed +/+ and eed 1989/1989 thymi. However, Table 1 shows that there was a relative increase in the proportion of CD44 + 25 + and CD44 7 25 + cells and a corresponding reduction in the percentage of CD44 7 25 7 thymocytes in eed 1989/1989 compared to eed +/+ mice. These data demonstrate that the previously observed maturational block at the b-selection checkpoint is operative during the thymic regeneration phase following MNU injection.
Discussion
The present investigation demonstrates two novel functions of eed, namely, regulation of thymocyte development and suppression of carcinogen-induced thymic lymphomagenesis. Inheritance of a hypomorphic eed mutant allele confers a partial block at the b-selection checkpoint during thymocyte dierentiation and promotes a higher incidence and reduced latency of MNU-induced thymic lymphoma development. Previous studies have demonstrated that the PcG gene eed regulates anterior ± posterior patterning in the embryo as well as proliferation of myeloid and pre-B progenitors in the adult (Lessard et al., 1999; Schumacher et al., 1996; van der Lugt et al., 1994) . The results obtained in the present study strengthen the notion that a developmental gene which functions in homeotic regulation during embryogenesis may assume additional functions in the adult depending on the cell type and dierentiation stage in which it is expressed.
The decreased cellularity of eed 1989/1989 thymi is a likely consequence of the developmental block that occurs at the b-selection checkpoint. This partial arrest results in an increase in the proportion of CD4 burst that could play a role in ®xing critical mutations that promote lymphoma development. Considering the frequent association between aberrant lymphocyte dierentiation and the occurrence of lymphoid malignancies (Bain et al., 1997; Kung et al., 2000; Winandy et al., 1995) , it is also possible that overlapping downstream mediators are involved in the regulation of T-cell dierentiation and thymic lymphoma development. MNU-induced thymic lymphomas in eed mutants were generally monoclonal tumors and expressed dierentiation antigen pro®les corresponding to immature CD4 + 8 + or CD4 l0 8 + thymocytes. These ®ndings are consistent with the characteristics of MNU-induced lymphomas obtained from other mouse strains (Gomez et al., 2000; Richie, 1988; Zaidi et al., 1995) . The fact that spontaneous thymic lymphomas were not observed in the mutant mice demonstrates that carcinogen-induced genetic lesions as well as inheritance of a functionally de®cient eed allele are required for lymphomagenesis. This conclusion is consistent with the concept that most tumors arise via a multistep pathway in which progressive accumulation of multiple genetic`hits' eventually generates a fully malignant clone (Hunter, 1991; Weinberg, 1991) . In an earlier study of MNU-induced lymphoma development in susceptible AKR/J and resistant C57L/J conventional mouse strains, we mapped a putative tumor susceptibility gene, designated Tlag1, to a chromosomal region containing eed (Angel et al., 1993; Richie et al., 1996) . Nevertheless, Tlag1 does not appear to be allelic with eed since the AKR/J and C57L/J eed cDNA sequences were identical and Northern blot analysis of normal and tumor tissue from these mouse strains did not reveal dierences in eed expression levels (data not shown).
The eed 1989 mutation acts as a hypomorphic allele during embryogenesis in that homozygous and heterozygous mice are viable, but sustain posterior transformations of the axial skeleton. However, the enhanced tumor susceptibility of eed 1989/+ compared to eed 3354/+ heterozygotes suggests that the hypomorphic allele acts in a dominant negative manner to regulate lymphoma progression. A proline substitution in the second WD motif of the eed 3354 null allele eectively eliminates the ability of Eed to interact with the PcG proteins Enx1 and Enx2 (Denisenko et al., 1998; Schumacher et al., 1996; van Lohuizen et al., 1998) . In contrast, the asparagine substitution encoded by the eed 1989 hypomorphic allele reduces the eciency of, but does not eliminate, Enx binding van Lohuizen et al., 1998) . Therefore, the eed 1989 gene product may be inecient in binding other PcG proteins and/or may compromise the binding activity of wild-type Eed. Interestingly, human EED also forms complexes with histone deacetylase (HDAC) proteins (van der Vlag and Otte, 1999) . EED proteins containing amino acid substitutions corresponding to either the murine null or hypomorphic point mutations are unable to form stable interactions with HDAC partners. Therefore, the extent to which the null or hypomorphic mutations aect function in a given cell type may vary depending on the particular proteins with which Eed interacts. Regardless of the speci®c mechanism, it appears that a PcG protein which functions in a hypomorphic capacity during development may act in a dominant negative manner in the adult where it performs in a dierent cellular context to regulate tumor progression.
The results of this and previous investigations reveal unexpected functional heterogeneity among PcG family members which act as agonists in certain developmental and cellular contexts and as antagonists in others. Similar to the phenotype induced by inheritance of the eed 1989 mutant allele, targeted deletion of the PcG gene, Bmi1, results in posterior transformations of the axial skeleton associated with shifts in a subset of Hox gene expression boundaries (Akasaka et al., 1996; van der Lugt et al., 1994) . Furthermore, the penetrance of certain homeotic transformations is enhanced in Bmi1 de®cient mice that inherit the eed 1989 allele (A Schumacher and T Magnuson, unpublished results). On the other hand, whereas nullizygosity for Bmi1 reduces proliferation of myeloid and pre-B progenitors in the adult (van der Lugt et al., 1994) , inheritance of the null eed 3354 allele enhances proliferation in myeloid and B cell lineage precursors (Lessard et al., 1999) . In the T-lineage, Bmi1 and eed are both important in promoting dierentiation since Bmi1 null mice have severely depleted thymi due to inhibition of dierentiation beyond the CD4 7 CD8 7 stage. Similarly, this report shows that a hypomorphic mutation in eed induces a partial arrest in T-cell development and de®nes the speci®c maturation stage at which this block occurs. Bmi1 and eed are components of distinct multimeric complexes that are thought to regulate transcriptional activation of various target genes Denisenko et al., 1998; Gunster et al., 1997; Satijn et al., 1999; Sewalt et al., 1998; van Lohuizen et al., 1998) . Bmi1, but not eed, suppresses expression of the Ink4a locus that encodes the tumor suppressors p16
INK4a and p19 ARF (Jacobs et al., 1999; Lessard et al., 1999) . Thus, the functional synergism or antagonism between eed and Bmi1 may be due to distinct target genes aected in speci®c cell types. The unique functional activities of eed demonstrated in this report strengthen the concept that PcG genes can exert pleiotrophic eects dictated by developmental stage and cellular context.
Materials and methods

Mice
The 17Rn5 1989SB and 17Rn5 3354SB mice in this study were generated from regional mutagenesis experiments as previously described (Rinchik and Carpenter, 1993; Rinchik et al., 1990 
Carcinogen treatment
Lymphoma induction studies were performed with mice maintained in the vivarium at the University of Texas M.D. Anderson Cancer Centre, Science Park-Research Division in accordance with institutional guidelines. Lymphomas were induced in 6 ± 10-week-old mice by a single i.p. injection of MNU (Sigma, St. Louis, MO, USA) freshly prepared in sodium citrate buer, pH 4.2 (60 mM sodium citrate, 60 mM K 2 HPO 4 ) at a dose of 75 mg/kg body weight. Animals were sacri®ced when symptoms of thymic lymphoma such as hunched posture and labored breathing were evident, and a cumulative tally of the number of animals that developed lymphoma was recorded. All animals were terminated by 6 months after injection. An autopsy was performed on the majority of animals to verify whether thymic lymphoma had developed.
Flow cytometric analysis
For three-color immuno¯uorescence analysis, cells in Hank's buered salt solution (HBSS) containing 1% BSA and 0.1% sodium azide were incubated with directly conjugated or biotinylated antibodies on ice for 30 min followed by three washes. Binding of biotinylated antibody was detected with allophycocyanin-conjugated strepavidin (APC-SA) (Molecular Probes, Eugene, OR, USA). The cells were ®xed in 1% paraformaldehyde prior to analysis. For determination of DN subsets, thymocytes were stained with a cocktail of FITC-conjugated antibodies to lineage markers CD4, CD8, CD3, B220, CD11b and Gr-1 as well as with anti-CD44-PE and anti-CD25-biotin (PharMingen, San Diego, CA, USA). After washing, the cells were incubated with APC-SA. FITCnegative cells were selected by electronic gating and analysed for CD44 and CD25 expression. Cells were analysed with a Coulter Epics Elite¯ow cytometer (Miami, FL, USA) equipped with an argon laser (488 nm) for FITC and PE excitation and a helium neon laser (633 nm) for APC-SA excitation. Data were collected on 10 ± 20610 3 viable cells (or 10 5 for DN analysis) using a four decade log ampli®er and stored in list mode for subsequent analysis using Coulter Elite Software.
Southern blot analysis
DNA (10 mg) from individual MNU-induced and spontaneous thymic lymphomas was digested with HindIII and analysed on Southern Blots were hybridized with a randomly primed probe that recognizes the entire Jb2 gene segment (Malissen et al., 1984) .
Statistical analysis
Dierences in cellularity among experimental groups were tested with the two-sided Mann ± Whitney test. Dierences in lymphoma development among dierent genotypes were evaluated using Kaplan ± Meier survival analysis with Log Rank tests comparisons. The analysis was performed using SPSS (SPSS, Chicago, IL, USA).
